The long-term goal of this project is to obtain quantitative understanding of the physical mechanisms governing broadband (50 Hz to 50 kHz) acoustic propagation, reflection, refraction, and scattering in shallow water and coastal regions in the presence of temporal and spatial ocean variability.
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1) Low Frequency Acoustic Wave Propagation
A 3D PE model and a detailed 3D environment, reconstructed based on shipboard radar images and temperature data [4] , are developed to study both stationary and moving sources propagation scenario with vertical and horizontal array receivers in the presence of internal waves. The model-data agreement was considerably improved when the curvature of the internal wave fronts was included in the model compared to straight wave front assumption [5] . The model was further improved by utilizing better estimation of the internal wave curvature and receiver locations. It is shown that the model not only can reproduce the mechanisms (focusingdefocusing, interference, etc.) of the acoustic intensity fluctuation, but is also able to quantitatively predict the time and location of specific details given a high quality reconstruction of 3D environment as parameter.
2) Mid-to-High Frequency Acoustic Wave Propagation
We have continued our analyses of data from KAM08 and KAM11 to assess the effects of the environment on the acoustic wave propagation. For modeling, time-evolving rough sea surfaces used as boundaries in the PE model were re-generated using waverider buoy data from KAM08 and KAM11. A surface bubble generation model was developed and included in the PE model to study the effects of surface bubble on acoustic propagation [6] . Results from the PE model compared well with data and specific features relevant to the acoustic communication research are being studied in detail.
RESULTS

A. Low Frequency Acoustic Wave Propagation in the Presence of Shallow Water Internal Waves
Angular dependency (moving source)
During the SW06 experiment in New Jersey shelf, an acoustic source (J15 projector) was towed by the R/V Sharp while following the front of an internal wave packet [1] . The source was transmitting broadband acoustic signals (50-450 Hz) in different angles with respect to the internal wave front in five transmission zones. Signals received on WHOI Vertical and Horizontal Linear Arrays were analyzed and modeled.
For modeling, a 3D environment was reconstructed based on the shipboard radar images of R/V Sharp and R/V Oceanus and temperature data collected on three thermistor strings [4] . Here, the environment model was improved from the previous one by utilizing better estimation of internal wave front curvature and better estimation of the receiver positions. Using the output from this new environment model, the 3D acoustic PE model yielded better agreement with the observations in the SW06 experiment. The new model is capable of predicting the intensity focusing at ~21:53 GMT with good agreement of the peaking time as well as the rate of increasing and decaying. To improve the performance of the environment and PE model for the region of smaller incident angle (the first half of Zone 2 from 21:40 to 21:52 GMT), a Monte Carlo method was adapted, where the shape of the internal wave fronts was randomly perturbed by a small amount. The mean and the +/− standard deviation of the results of 201 model runs are plotted in Fig.  1(b) . The data curve generally falls in between the span of two standard deviation lines; however, the model failed to capture the bump of approximately 2 dB happened at around 21:47 GMT, which may due to the insufficient spatial sampling of the temperature field. 
Analysis of horizontal array data
The acoustic data received on the horizontal leg of Shark array during SW06 experiment have been analyzed and modeled. With newly improved 3D PE model, it is possible to model the horizontal incident ray refracted by the curved internal wave fronts with great detail and accuracy under various conditions. The simulated results show good agreement with the measurements. (not shown in the figure). Fig. 3(a) shows the PE model results for the environment before the internal waves arrived (20:30 GMT). At this geotime, the environment was almost homogeneous, resulting in an evenly-distributed acoustical field. The horizontal ray propagates directly from the source to the receiver array with an incident angle about 65 o (corresponding to "1" in Fig. 2a ). Fig. 3(b) shows the same plot with the internal waves present (22:00 GMT). From the output of the PE model, two incoming rays are shown arriving at the receiver array, a weak one at about the direction of the source, corresponding to the arrival at 0.17 sec and 65 o (marked as "2" in Fig. 2b) , and a strong incoming ray, refracted by the internal wave fronts, corresponding to the arrival at 0.25 sec and 85 o (marked as "3" in Fig. 2b ). . 2b) .
B. Mid-to-High Frequency Acoustic Propagation in Shallow Water
Surface waves are among several environmental parameters that can have significant influence on acoustic propagation in shallow water. To study the effects of surface wave roughness including the effects of bubbles and surface wave directionality, we have developed 2D and 3D PE acoustic propagation models in conjunction with a 3D time-evolving sea surface boundary to analyze the results obtained during a highly calibrated field KAM11 experiment. In this section we present our results from our recent modeling efforts.
PE Model with Bubble Effects
The influences of bubbles, which are generated by breaking waves, on the propagation of acoustic in the ocean depend on the acoustic wave length and the bubble radius. The effects are made more complicated by the presence of a variety of bubble sizes and the varying distribution of bubbles over range and depth [6] . Monahan and Lu [7] developed a classification scheme for bubbles, defining alpha, beta, and gamma plume structures, as well as a background bubbly layer. Fig. 4(a) shows a comparison of the relative spatial scales of the various plumes; the beta plume at time 0 and gamma plume at the beta expiration time are shown in red and green, respectively, and the blue plume represents the expanded gamma at the time when it disappears into the background layer. A bubble generation model was developed and incorporated into the PE model [6] . Fig. 4(b-d) show comparison of intensity as a function of range and depth for single frequency runs computed at 20 kHz for rough surface (RS) PE without bubble effects, RS PE with range-dependent bubbles, and RS PE with range-independent bubbles. For this high frequency acoustic, the difference among these 3 cases is noticeable. 5(a) shows an example of acoustic data collected during the KAM11 experiment, which exhibited interesting coherent focused surface-interacting structures that are related to the surface wave [6, 8] .
The direct and bottom-reflected paths (marked as "1" and "2") exhibited little variation over geotime, whereas the surface and bottom-surface paths (marked as "3" and "4") were highly fluctuating over geotime and remarkably dispersed in arrival time. There were still observable surface returns around arrival time 7-15 ms. Furthermore, there existed intense late coherent surface arrivals, which had decreasing delay over time.
These coherent returns were the result of surface wave crest focusing. Due to the curvature of the surface wave crest, multiple local reflections from the wave crest reached the receiver. With similar arrival time and phases, these reflections created acoustic focusing at the receiver, thus leading to enhanced intensity [8] . The coherent structure disappeared when the receiver was not in the focusing area of the moving wave crest. During the first several seconds in the geotime axis, multiple coherent returns appeared simultaneously and created a striation pattern of enhanced intensity. This may be the result of acoustic focusing from different wave crests.
The PE runs were able to reproduce the characteristics of the direct and bottom-reflected paths, as well as the features of the surface interacting paths (Fig. 5b-d) . The modeled surface-interacting signals dispersed in arrival time and varied over geotime in accordance with the collected data. The PE runs were also able to reproduce the striation patterns that were observed within the dataset. The structure of these patterns is dependent on the directionality of the surface waves. Rough surface PE runs computed with the source-receiver direction reversed showed that the late coherent surface returns had increasing delay over time [8] . This indicates that the directionality of the surface is an important parameter that should be maintained within the surface wave modeling. The ability of the PE to reproduce these directionally dependent patterns further confirmed the usefulness of the model. If only random surfaces were used, one would not be able to track the changes from one geo-time to the next. However, by evolving the surface in time one is able to actively track these coherent returns.
Though there are differences between the outputs of the RS PE, the RS PE involving the rangedependent bubble field, and the RS PE involving the range independent bubble field, these differences are not easily observed within the impulse responses of Fig. 5b-d . Using the ensemble averaging tool, the differences between the runs is minimal. This is in itself due to the fact that the runs were computed at the low end of communications frequencies (10 kHz). The effect of bubbles at low frequencies is to appreciably drop the sound speed, but only slightly increase the attenuation. Consequently, the presence of bubbles in a rough sea surface environment has a minimal effect whenever the acoustic frequencies are sufficiently small.
I. 3D PE Model
To include the out-of-plane acoustic scattering from a rough surface, a 3D model is required. The 3D rough surface PE model using split-step Fourier (SSF) algorithm in cylindrical coordinate has been developed by K.B. Smith [9] . For high frequency acoustic wave and large source-receiver range, this model is not efficient since the radial spatial step is not uniform in range, resulting in less spatial resolution for larger range. Here we are modifying the code to a Cartesian coordinate where the spatial step is uniform. Fig . 6 shows the 2D PE (Fig. 6a ) and 3D PE ( Fig. 6a and 6b ) results for a case of a planar sinusoid sea surface with 20 m wave height and 200 m wavelength. The acoustic frequency is 500 Hz, sourcereceiver range is 2 km, water depth is 100 m, and the source depth is 30 m. The 3D Cartesian model is still under construction and need to be verified and compared with a benchmark case. 
II. Nonlinear Surface Wave Model
Time evolving 3D nonlinear surface wave model is being developed to simulate the sea surface realistically. The model is an extension of the work by Xu and Guyenne [10] to include wave breaking. The extended-model gives the locations of breaking waves in the surface field, which related to the location of bubble origins. Breaking criteria to detect breaking events and detail of the model can be found in [11] . Fig. 7 (b) plots an example of sea surface realization generated by the 3D nonlinear surface model using wave spectrum from KAM 11 experiment (shown in Fig. 7a ). The locations of the breaking on the surface field are shown as red dots in Fig. 7(c) . This information is then used in the bubble generation model to calculate the time and spatial dependent of sound speed and attenuation for the PE acoustic propagation model. 
IMPACT/APPLICATIONS
The low frequency component of our research contributes to the understanding of acoustic propagation in complex shallow water regions. We have developed a model that is able to reproduce the mechanism of acoustic intensity variation due to internal waves and to quantitatively predicts the time and location of specific details. The high frequency part of our research has contributed to the understanding of the effects of surface wave roughness and directionality as well as bubble effects on sound propagation, which in turn affect the performance of acoustic communication signals.
